homeostat through the discovery of altered sleep structure in clock gene knockout mice. [19] [20] [21] It has also been established that polymorphisms within human clock genes can affect diurnal preference, [22] [23] [24] sleep timing, 25, 26 and sleep structure. 27 The variable number tandem repeat (VNTR) polymorphism in PER3, where a 54-nucleotide coding region motif is repeated in 4 or 5 units, has been linked with multiple phenotypic parameters. The longer, 5-repeat allele has been associated with morning preference, 23, 28 and higher sleep propensity and worse cognitive performance in response to sleep deprivation, 27 as well as being linked with an increased risk of breast cancer. 29 Traditionally, the circadian marker of choice in humans has been the hormone melatonin, because its rhythm is driven by the SCN through a well-defined neural pathway, and because it can be monitored conveniently and reliably in a variety of body fluids. 30 Assessment of endogenous circadian phase and period of melatonin correlates well with phenotypes of interest, such as sleep timing and diurnal preference. 10 More recently, methods have been developed to specifically access molecular clock components in the periphery (for review, see Lamont et al.) . 31 Analysis of clock gene expression in cultured fibroblasts could, in theory, provide useful information about individual circadian period without the need for elaborate forced desynchrony protocols, but results of these approaches have been mixed so far. 32 It has also been established that peripheral, nucleated blood cells show rhythmic clock gene expression in vivo, and several studies have sought to refine the technique for quantifying clock gene transcripts in a variety of leukocyte preparations, collected from subjects kept under varying conditions. [33] [34] [35] [36] [37] [38] [39] [40] While these studies have demonstrated the utility of this approach, few have shown a correlation between endogenous peripheral oscillations in clock gene expression and habitual sleep timing or hormonal markers such as melatonin or cortisol. In particular, it is not known whether variation in the phase of endogenous circadian rhythms of clock gene expression in the periphery, correlates with the entrained phase of the habitual sleep-wake cycle, even in the absence of the masking effects of the lightdark and sleep-wake cycle. 41 In this study, we have assessed this relationship for the clock genes BMAL1 (ARNTL), PER2, and PER3 under constant routine conditions. We show for the first time that the phase of peripheral clock gene expression in leukocytes correlates with habitual sleep timing and that PER3 expression represents the most robust of the 3 markers of circadian gene expression.
MEtHodS participants
The protocol received a favorable review by the University of Surrey Ethics Committee, and was conducted in accordance with the principles of the Declaration of Helsinki. Participants in the study were screened for health (by history, physical examination, and standard biochemistry and hematology), and did not suffer from sleep disorders or excessive daytime sleepiness. All participants provided written, informed consent after having received a detailed explanation of the study procedures. Participants were also selected according to their genotype for the PER3 VNTR polymorphism as part of a larger study from which the data presented here have been derived (described previously in Viola et al.) . 27 10 participants were homozygous for the longer repeat allele (PER3 5/5 ) and 14 were homozygous for the shorter repeat allele (PER3 4/4 ) (see Table 1 for subject characteristics).
Field Study
The selected participants took part in a pre-laboratory field study to determine individual sleep-wake schedules. Subjects wore actigraphs (wrist-worn Actiwatch L, Cambridge Neurotechnology, Cambridge, UK) to quantify activity, 42 and completed daily sleep diaries for approximately 3 weeks (on average 2.70 ± 0.17) prior to the laboratory study. The data of the first 2 weeks were analyzed to characterize the habitual sleep-wake cycle in each participant. Individual habitual sleep onset and wake times were determined from values calculated during this 2-week period based on the sleep diary data and corroborated by actiwatch data, which both showed very close agreement. Sleep onset was defined as the "lights-out" time plus the individual sleep latency time, which was estimated by the subject and recorded in the sleep diary. This time was also confirmed by inactivity in the actiwatch data. Habitual timing was defined as the median of these values. Participants were then instructed to sleep according to their habitual schedule for one week prior to the laboratory study. Compliance with this schedule was verified by analysis of the sleep diary and actigraphy prior to the start of the 5-day laboratory study. Neither meal times nor content were controlled during the field study.
laboratory Study
On entering the laboratory phase, participants underwent habituation and baseline sleep episodes, which were timed according to each individual's habitual sleep schedule determined from the field study. Immediately following this, participants were kept awake under an approximate 40-h constant routine (CR) condition, as previously described. 27 During the CR protocol, participants stayed in bed in a semi-recumbent position in constant environmental conditions with no information on clock time. Participants received hourly nutritional drinks during the CR as a substitute for main meals. These were calculated for each subject using the Harris-Benedict formula with an activity factor of 1.3. 43 The participants were not allowed to leave the bed for the duration of the protocol. Wakefulness was verified from continuous electroencephalogram (EEG) and electrooculogram (EOG) recordings. During the CR period, hourly blood samples were collected from a permanent indwelling cannula to quantify melatonin, cortisol and clock gene mRNA. After the CR, volunteers went to bed in the laboratory at their habitual bedtime for a recovery sleep episode of 12 h, during which time they were free to sleep or get up as desired.
Hormone and clock Gene Measurements
For the measurement of melatonin and cortisol, hourly blood samples (7 mL) were collected into lithium-heparin tubes. Plasma was immediately separated by centrifugation (10 min, 1,650 x g, 4°C) and stored at -20°C until analysis. Plasma melatonin Clock Gene Expression in Human Leukocytes-Archer et al and cortisol concentrations were measured by radioimmunoassay (Stockgrand Ltd, Guildford, Surrey, UK), as previously described. 27 Analysis of clock gene expression followed modifications of previously published methods. 37, 39 Hourly blood samples (2.5 mL) were collected into PAXgene Blood RNA vacutainer tubes (PreAnalytiX, Hombrechtikon, Switzerland), mixed by inversion, incubated at room temperature for several hours, and then frozen at -20°C until extracted using the PAXgene 96 Blood RNA Kit (QIAGEN, Hilden, Germany). Extracted total RNA was analysed spectrophotometrically (ND-1000, NanoDrop Technologies, Wilmington, DE). Then 100 ng of each sample was subjected to random-primed reverse transcription by M-MLV reverse transcriptase (Invitrogen, Carlsbad, CA) in a total volume of 40 µL; 6.25% of the resulting cDNA was used in each real-time PCR reaction and amplified by the ABsolute QPCR ROX mix (ABgene, Epsom, Surrey, UK) in a 96-well plate format in an ABI Prism 7500 instrument (Applied Biosystems, Foster City, CA). Primer and probe sequences are shown in Table 2 . All probes were labelled with FAM at the 5'-end and Black Hole Quencher 1 at the 3'-end. Standard curve controls were dilutions of human genomic DNA (for GAPDH) and a sequence-verified cDNA clone (for PER2, PER3, and BMAL1), respectively. The clock gene primers and probes were designed to amplify only cDNA. Negative controls included reversetranscription reactions where RNA had been omitted, as well as blanks to which no cDNA had been added. Amplification curves were analyzed using the Prism 7500 software with log CT values being normalized against the standard curves to produce relative copy number. Clock gene expression data were normalized against levels of the housekeeping transcript GAPDH.
data analysis
The analysis of the circadian markers aimed to assess the presence of circadian rhythmicity, and to quantify the amplitude and the phase of these rhythms. For the purpose of the present paper, an individual time series was considered to be rhythmic if the 95% confidence interval of the estimated amplitude of a sine wave with a circadian period of 24.2 h did not include 0. Using a nonlinear regression procedure (PROC NLIN, SAS 9.1), the function fitted to the data was:
Value(sample t i ) = Mesor + Amplitude*sin((sample t iphase)/24.2), in which the mesor, amplitude and phase were free parameters, t i represents the clock time i at which a sample was collected, and value represents the concentration or copy number of the circadian marker variable. These analyses were conducted on the raw data (clock gene relative copy number, nmol/L of cortisol, and pg/mL of melatonin), clock gene relative copy number normalized with respect to GAPDH, and zscored data, which for the hormones was the z-scored raw data, and for the clock genes was the z-scored normalized data. Here, analyses conducted on the z-scored data are presented throughout, unless specifically stated. The analysis of the z-scored data was used to allow for a comparison of amplitudes across variables that are measured in different units. This approach first equates the total variance in each variable in each individual, and then determines how much of this variance can be attributed to a circadian signal.
The start of the recovery sleep episode after the CR was timed to occur 48 h after the habitual sleep onset time for each individual. Thus, because of differences in habitual sleep and wake timing between subjects, the individual CRs varied in duration from 37.8 to 42.5 h. Because of the individual habitual scheduling, not all individuals contributed data during the beginning and the end of the 42.5 h CR session. Data were included for analysis from a window within the CR when at least 80% of the individuals contributed data. The longest period within the CR session when hourly clock gene data were available from at least 80% of the participants was 32 h, and data analysis has been restricted to this period. Within this period, the mean number of subjects contributing data at each sampling hour was 95%. The exclusion of the initial and final hours of the CR data also helps to avoid potential masking effects on physiological variables of sleep and change in posture that may last for several hours after wake time. 41 The phase of the melatonin rhythm was defined either on the basis of the onset of the nocturnal secretion, i.e. the time when melatonin concentration first exceeds the mean value, or the timing of the fitted maximum. The phase of the cortisol rhythm was defined as the fitted maximum. For both melatonin and cortisol, simple sinusoid functions were fitted to the individual least variance in amplitude and phase timing. Out of the 3 clock genes that were analyzed, PER3 had the more robust rhythm (individual data for relative copy number normalized with respect to GAPDH for each clock gene are shown in Supplementary Figure 1 ). To further quantify the extent of circadian rhythmicity, we determined for each circadian marker the number of individuals in whom a significant circadian amplitude was detected.
The amplitude of rhythms differed significantly from zero in all 24 individuals for melatonin (14 PER3 ) ( Figure 3A) . The mean z-scored amplitudes (± SD) when all 24 individuals were analyzed were 0.48 ± 0.22 for PER2, 0.50 ± 0.27 for BMAL1, 0.75 ± 0.27 for PER3, 1.04 ± 0.24 for cortisol, and 1.24 ± 0.09 for melatonin ( Figure 3B ). The mean fitted z-scored amplitude of the PER3 rhythm was significantly greater than the PER2 time series. The phase of the clock gene rhythms was defined as the timing of the fitted maximum.
Statistical analysis
All statistical analyses were performed using SAS version 9.1 (SAS Institute, Cary, NC). PROC MIXED was used to compare amplitudes between variables. P values were based on Kenward-Roger's corrected degrees of freedom. 44 Comparisons of the variances (SD) of the peak timing of the clock gene rhythms were calculated using the F test. Correlations were computed with PROC CORR. Two dependent correlations measured on the same subjects (e.g. the correlation between habitual sleep timing and the rhythm of melatonin vs. the correlation between habitual sleep timing and the rhythm of BMAL1), were compared using the Fisher Z transformation, after correcting for the covariance between these correlations because one variable contributes to both correlations. Correlations obtained in 2 different groups of subjects (PER3 4/4 vs. PER3 5/5 ) were also compared, and for this we used the Fisher-Z transformation without correction.
RESultS
Analyses of the actigraphy and sleep diary data showed that individuals varied widely in their habitual sleep timing ( Figure  1 ). Habitual sleep timing ranged from 22:45 to 04:40 (onset), and 06:00 to 10:40 (offset). The mean (± SD) sleep onsets, mid sleep, wake times, and sleep duration were 01:03 ± 01:27, 04:43 ± 01:20, 08:23 ± 01:25 and 07:20 ± 01:44 when the entire sample was considered. There was no significant difference between these parameters when they were analyzed according to PER3 VNTR genotype (Table 1) .
To investigate the inter-individual variation in the amplitude and phase of the five circadian markers, we plotted the curves fitted to z-scored data for each individual (Figure 2, left panel) . The average profiles of the z-score values were also computed ( Figure 2, right panel) . As shown in Figure 2 , melatonin had the 
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To investigate whether the correlations described above were affected by the PER3 polymorphism, the z-scored data for the phase timings of the circadian markers were split by genotype.
(P = 0.0004) and BMAL1 (P = 0.0027) rhythms. This was also the case when the non z-scored data for the copy number/GAPDH ratio and the relative mRNA copy number were compared ( Table  3) . When only significant amplitudes were included in the same analysis, the mean z-scored amplitudes were 0.72 ± 0.13 for PER2, 0.82 ± 0.16 for BMAL1, 0.85 ± 0.17 for PER3, and 1.08 ± 0.16 for cortisol (melatonin remained unchanged). With this analysis, the mean amplitude of PER3 was significantly greater than PER2 (P = 0.0004) and BMAL1 (P = 0.003).
The timing of the mean fitted z-scored maxima (peak times), as well as the inter-individual variation, differed between the various markers. Mean peak times (± SD) were computed from only those individuals contributing significant amplitudes. They were 8:06 ± 5:23 for PER2, 15:06 ± 4:28 for BMAL1, 6:05 ± 2:14 for PER3, 10:49 ± 1:37 for cortisol, and 4:20 ± 1:18 for melatonin. Thus, the timing of the PER3 rhythm showed the least variance of the 3 clock genes ( Figure 3C ) and was significantly lower than the variance of PER2 (P = 0.003) and BMAL1 (P = 0.017). There was no significant difference between the peak times of PER3 and PER2 (P = 0.33), but the peak times of PER3 and PER2 were significantly different from that of BMAL1 (P = 0.0005 and P = 0.014, respectively). When z-scored data from all individuals were analyzed, the peak times were not substantially different (PER2 = 9:07 ± 6:34, BMAL1 = 14:27 ± 4:13, PER3 = 5:54 ± 2:48, Cortisol = 10:28 ± 2:18), with the largest difference being an approximate one-hour delay in PER2 peak timing. There were no significant differences between either the amplitudes or phases of any of the circadian markers when compared between PER3 VNTR genotype. However, the variance in the amplitude of the mean fitted z-scored melatonin rhythm was significantly lower in the PER3 5/5 subjects compared with the PER 4/4 (1.26 ± 0.04 vs 1.23 ± 0.11; P = 0.003). Correlation analyses were performed to assess the association between inter-individual variation in habitual sleep timing, as assessed prior to the laboratory study, and the timing of the various marker rhythms (determined from z-scored data), as assessed during the CR, in those individuals with significant rhythm amplitudes (Table 4) . Correlations are presented for all subjects with significant amplitude together and also when split according to PER3 VNTR genotype. When the data from all significant subjects were analyzed irrespective of genotype, the strongest correlation was observed between individual midsleep time and the phase of melatonin (maximum) (r = 0.87, P < 0.0001), but both melatonin onset and peak phases also showed significant positive correlations with sleep time, mid-sleep, and wake time (Table 4 , Figure 4E and 4F). The timing of the fitted maxima of the cortisol rhythms also showed significant positive correlations with these sleep-wake parameters (Table 4 ). Of the 3 clock genes, only the timing of the fitted maxima for PER3 showed significant correlations with sleep-wake timing and with the peak of the cortisol rhythm and the onset of melatonin, which had the strongest correlation (r = 0.59, P = 0.005) ( Table  4 , Figure 4A -4D) . No significant correlations were observed between PER2 or BMAL1 rhythms and sleep-wake timing or melatonin and cortisol (Table 4) . However, unlike PER2 and PER3, BMAL1 showed negative correlations with the other circadian markers. None of the circadian markers correlated significantly with the overall level of expression of the clock genes when expressed as relative copy number. Table 4 ). Whereas PER3 4/4 homozygotes also showed significant correlations between sleep-wake timing and the timing of cortisol rhythms, there were no such significant correlations with cortisol within the PER3 5/5 subjects. However, it should be noted that when these correlations are compared between genotype they are not significantly different. Conversely, PER3 5/5 homozygotes showed significant correlations between PER3 expression rhythms and sleep-wake timing and the timing of melatonin and cortisol, with the strongest correlation being with wake time (r = 0.89, P = 0.0009), whereas the PER3 4/4 homozygotes did not. In this case, the correlations with mid-sleep and wake time were stronger in PER3 5/5 individuals and were significantly different between the genotypes (P = 0.03 and 0.004, respectively) ( Table 4) . Finally, the negative correlation between sleep time and BMAL1 expression was only significant in the PER3 5/5 subjects.
diScuSSion
The present data show that the phase of clock gene expression in leukocytes, assessed in the absence of the masking effects of light-dark and sleep-wake cycles, correlates with habitual sleep timing. To date, eight published studies have examined the expression of clock genes in human blood cells. [33] [34] [35] [36] [37] [38] [39] [40] Together, these studies have characterized the expression of PER1-3, CRY1, CLOCK, BMAL1, REV-ERBα and DEC1 in either mononuclear cells or unseparated leukocytes (mononuclear and polymorphonuclear cells). Apart from one study that involved 61 neonates undergoing light therapy treatment, 36 these studies have been based on smaller groups of 3-12 adults, providing blood samples at either 2 time points or every 2 to 4 h over periods ranging from 20 to 39 h. Only 2 studies have attempted constant routine protocols, 34, 35 although one allowed limited movement and sleep episodes. 35 Both studies reported correlations between the phases of melatonin and clock gene transcripts. In a recent study, the effects of a simulated shift work schedule on central and peripheral circadian markers have been studied, and blood mononuclear cell clock gene expression has been analysed over three 24-h periods during the schedule. 40 The correlations between sleep-wake timing and melatonin rhythm timing remained, with the strongest correlation being between the timing of mid-sleep and the peak of melatonin in both genotypes (PER3 4/4 r = 0.83, P < 0.0001; PER3 5/5 r = Percentage of subjects with significant amplitudes for circadian markers and mean fitted amplitudes (± SD) and mean fitted maxima (time ± SD) for (A) clock gene (expressed as relative copy number), cortisol (nmol/L) and melatonin rhythms (pg/mL), and (B) clock gene rhythms expressed as relative copy number normalized to GAPDH. PER3 amplitude is significantly greater than BMAL1 and PER2 amplitudes when expressed as relative copy number (P = 0.031 and 0.006, respectively) and when normalized against GAPDH (P = 0.05 and 0.01, respectively).
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614 no reason to expect that PER3 should show phase differences in expression between peripheral mononuclear and polymorphonuclear cells, and the well-defined PER3 rhythm we present here supports this.
In this study, we found significant mRNA oscillations for each of the 3 clock genes, with PER3 having the highest number of participants with significant oscillations. The PER3 oscillations have a mean amplitude significantly greater than that of PER2 and BMAL1, and a significantly smaller variance in peak timing. Comparison of these features shows that the robustness of PER3 as a circadian marker in peripheral leukocytes within this study is more reliable than PER2 and BMAL1.
As repeatedly reported in the published literature, 10,34,40,48 we found highly significant correlations between sleep-wake timing and the timing of the rhythms of melatonin and cortisol. We also found a significant correlation between the phases of individual PER3 and melatonin rhythms, confirming previous data. 34 However, no correlations were found between the rhythms in melatonin and PER2, unlike the previous study by Boivin et al., 34 or BMAL1. In addition, the current study also shows significant correlations between the phase of PER3 and the timing of sleep-wake activity and the timing of cortisol rhythms, which were absent for PER2 and BMAL1. The negative correlaThis report is the first to investigate the association between habitual sleep timing and peripheral blood clock gene expression in 24 adults with sampling every hour during an approximate 40-h constant routine in the absence of a sleep-wake cycle. We chose to characterize the expression of 2 members of the negative feedback loop, PER2 and PER3, and the positive transcription factor BMAL1, which normally oscillates in opposite phase to PER. 45 We used the PAXgene RNA system for blood sampling. This allows for immediate stabilisation of RNA from leukocytes (both mononuclear and polymorphonuclear cells) enabling accurate results without the need for immediate sample extraction. The fact that we found significant circadian rhythms in each of the 3 clock genes that were studied demonstrates the reliability of this method. While it is known that peripheral white blood cells show a circadian variation in the number of their composite types, 46, 47 it has been shown recently that there is no phase difference in the expression of PER1 between human peripheral mononuclear and polymorphonuclear cells. 35 Indeed, the expression rhythms of clock genes from almost any peripheral tissue will be representative of a mixed cell population. However, the existence of significant clock gene rhythms within peripheral tissues would suggest that most cell types are oscillating in close phase agreement. As with PER1, we have BMAL1 ( Clock Gene Expression in Human Leukocytes-Archer et al sleep timing. Although there was no significant difference in diurnal preference between the 2 groups, it can be seen from Figure 1 that there is a range of inter-individual sleep-wake timing differences, with the PER3 5/5 subjects tending to have earlier habitual wake times than the PER3 4/4 subjects. It is also worth noting that within the subject group as a whole, there does exist a correlation between diurnal preference and habitual wake time (r = -0.42, P = 0.04), but not sleep onset. When the correlations between the various circadian markers were analyzed, we found that both genotypes show strong correlations between sleep-wake timing and the timing of melatonin. However, only the PER3 4/4 individuals show significant correlations between sleep-wake and cortisol, and this requires further investigation. When the data were split by genotype, only the PER3 rhythms in the PER3 5/5 individuals showed correlations with sleep-wake timing and melatonin and cortisol, with the correlations with the timing of mid-sleep and wake being significantly different from the correlations in the PER3 4/4 individuals. In addition, the negative correlation between sleep time and BMAL1 was only ever significant in the PER3 5/5 subjects. This implies that the contribution to the significant correlations between PER3 expression and other circadian markers observed in all 19 subjects is derived mainly from the PER3 5/5 individuals. Therefore, while amplitude and phase of the circadian markers may not differ between the genotypes, the PER3 expression is more strongly associated with sleep-wake timing in PER3 5/5 individuals. This finding is somewhat reminiscent of the notion that the sleep-wake cycles of morning types, with which homozygosity for the longer PER3 VNTR allele is associated, 23 are more tightly controlled by circadian rhythmicity than evening types. 49 Thus, while we did not observe genotype-dependent differences in sleep-wake timing or the timing of melatonin and cortisol rhythms, we did find significant differences in the correlations of these timings between PER3 VNTR genotypes. However, PER3 gene expression being a marker for entrained phase does not necessarily imply that the VNTR polymorphism should lead to differences in entrained phase. It is possible that the polymorphism may lead to differences in diurnal preference through its effect on the sleep-wake homeostat, and not through its effect on the timing of core circadian markers. Finally, while previous data clearly demonstrate associations between PER3 and sleep structure and timing in humans, animal models with a disruption to Per3 show only a modest effect on circadian phenotype, as defined by the free-running period. 50 The precise functional contribution that PER3 makes to the sleep homeostat and/or the circadian clock remains to be determined.
In summary, we have performed the largest study to date measuring peripheral blood clock gene expression with the greatest temporal resolution in a constant routine in the absence of a masking sleep-wake cycle. We have demonstrated that in our study, among the clock genes measured, PER3 has the most robust circadian oscillation. This is not unusual since, in mice, PER3 shows strong circadian rhythms in brain areas such as the suprachiasmatic nucleus (SCN) and the organum vasculosum lamina terminalis (OVLT), 51 but also in many peripheral tissues. 45 We show that the phase of PER3 expression in leukocytes correlates with the phases of melatonin and cortisol, and with habitual sleep timing. Because the phase of leukocyte PER3 transcript levels was assessed in the absence of the tion trend for BMAL1 is of interest and may explain why some studies have shown the rhythm of peripheral blood BMAL1 to be both out of phase (present and 37 ) and in phase. 38 However, the authors of the latter study did define 2 "chronotype" subject groups in which the phases of PER2 and BMAL1 were 01:44 and 21:45, and 10:33 and 12:30, respectively. In this study, the average peak times of expression for PER3, PER2 and BMAL1 were 06:05, 08:06, and 15:06, respectively. Similar expression peaks have been reported for PER2 and PER3, which are very similar to the peak time presented here for PER3, although the previous report found an approximately 6-h range across 3 subjects for both genes. 34 More recently, it has been reported that after adaptation to a shift schedule, PER2 peak expression occurred shortly after the scheduled wake period and that the BMAL1 peak (during baseline) was out of phase with respect to PER2, occurring 14.6 h after wake. 40 PER1, 2 and 3 were also found to have similar phase peaks around 06:00 in the study by Takimoto et al., who also presented data showing more robust rhythms in PER3. 37 Another study, using the same PAXgene purification method for leukocyte RNA, reported a peak time of 07:34 for PER1, but they did not detect significant rhythms in either PER2 or BMAL1. 39 Finally, when we compared these correlations for significant differences, we found that the correlation between melatonin onset and sleep time is stronger than PER3 peak timing (P = 0.006), but that a similar comparison showed that the correlation between cortisol peak timing and sleep time is no better than for PER3 (P = 0.18).
Taken together, the findings from these studies indicate that there are significant inter-individual differences in the timing of peripheral blood clock gene rhythms, especially with respect to BMAL1, and that out of all of the genes so far analyzed, PER3 demonstrates the greatest consistency. However, the data from previous studies may suffer from less frequent sampling and fewer numbers of subjects studied. It is possible that, all things being equal, other clock genes apart from the ones analysed here could also show equally robust rhythms. In addition, there will be differences in the expression of circadian markers between central and peripheral oscillators, and also between different peripheral oscillators. It is possible that the robustness of PER3 that is found in this and other studies is a specific feature of the peripheral leukocyte oscillator. Nevertheless, in this data set, and in other currently available data sets, PER3 rhythmicity compares favourably to rhythmicity in other clock genes.
Previously, we have reported that the PER3 VNTR polymorphism is associated with diurnal preference and delayed sleep phase disorder. 23 In a separate laboratory study, we have also shown that the polymorphism is predictive of sleep structure and cognitive performance. 27 The subjects providing blood samples for the current investigation were from the same study protocol. Consequently, all of the variables that have been reported here can be split and analyzed by PER3 VNTR genotype. When this was performed on data averaged for each group, no differences were found in the amplitudes or phases of any of the circadian markers between the PER3 4/4 or PER3 5/5 individuals. However, the melatonin amplitude variance was significantly lower in the PER3 5/5 subjects and this could reflect more robust melatonin rhythms in these individuals.
For this study, subjects were selected by PER3 VNTR genotype alone and not on the basis of diurnal preference or habitual Clock Gene Expression in Human Leukocytes-Archer et al sleep-wake cycle and light-dark cycle, these correlations cannot be explained by direct (masking) effects of the light-dark and sleep-wake cycle on PER3 expression in leukocytes. The mechanisms by which PER3 mRNA levels in the periphery are synchronized to the central circadian pacemaker, habitual sleep timing and melatonin timing remains to be established.
Taken together, these data show that the rhythm of PER3 expression in leukocytes represents a reliable molecular marker for the assessment of entrained phase in healthy individuals. There are PER3 VNTR genotype-dependent effects on the association between the phase of PER3 expression and sleepwake timing, as well as other circadian markers. Assessment of the PER3 rhythm in advanced and delayed sleep phase disorder may provide further insights into the mechanism underlying these circadian sleep timing disorders.
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